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Abstract  A  highly  tunable  millimeter-wave  subcarrier  signal  is  generated  by  optically 
injecting  a  Fabry-Perot  semiconductor  laser.  The  optically  injected  light,  which  enables 
microwave  subcarrier  frequencies  well  beyond  the  injected  laser’s  free-running  relaxation- 
oscillation  frequency,  is  then  on-off  keyed  by  direct-current  (dc)  modulation  of  the  injected 
slave  laser.  Adjustment  of  the  subcarrier  frequency  is  easily  accomplished  by  changing  either 
the  dc  bias  current  and/or  junction  temperature  of  the  injected  slave  or  the  injecting  master 
laser.  In  this  paper,  we  theoretically  and  experimentally  investigate  the  purity  of  the  modulated 
microwave  subcarrier.  The  generated  microwave  signal  was  then  transmitted  over  50  km  of 
single-mode  fiber,  demonstrating  the  applicability  of  a  directly  modulated  slave  laser  optically 
injected  into  the  period-one  state  for  radio-over-fiber  applications. 

Index  Terms:  Microwave  photonics,  semiconductor  lasers. 


1.  Introduction 

Photonic  methods  for  generating  millimeter-wave  (mm-wave)  signals  have  attracted  substantial 
interest  in  the  communities  of  radio-over-fiber  (ROF)  networks,  broadband  wireless  access  networks, 
sensor  applications,  radar,  and  satellite  communications.  During  the  past  several  years,  multiple 
methods  and  architectures  have  emerged  to  efficiently  enable  the  photonic  generation  of  mm-wave 
signals  and  can  be  classified  into  various  categories:  dual-wavelength  laser  sources  [1],  [2]; 
generation  using  external  modulation  [3]— [5];  optical  phase-locked-loop  methods  [6];  mode-locked 
lasers  [7],  [8];  and  optical  injection  using  semiconductor  lasers  [9]-[12].  Particular  attention  has  been 
given  to  ROF  technology,  whereby  optical  fiber  links  are  used  to  distribute  mm-wave  signals  from  a 
central  location  to  remote  antenna  units.  Interest  has  recently  grown  in  ROF  because  it  is  seen  as  a 
possible  solution  to  alleviate  the  frequency  congestion  and  bit-rate  limitations  that  are  inherent  in 
current  wireless  systems  [1 3],  [1 4],  Among  the  approaches  for  generating  and  modulating  mm-wave 
signals  on  an  optical  carrier,  the  most  straightforward  technique  involves  a  directly  modulated  laser 
for  baseband  transmission  followed  by  an  external  modulator  for  optical  mm-wave  generation  [5]. 
The  drawbacks  to  schemes,  which  rely  on  external  modulators,  include  their  requirement  for  a 
precision  high-speed  electrical  oscillator  operating  at  the  mm-wave  subcarrier  frequency,  an  RF 
amplifier  and  any  other  RF  components  to  drive  the  modulator,  and  precision  high-speed  modu¬ 
lators  themselves.  All  of  these  components  serve  to  increase  the  cost  and  complexity  of  the 
system. 
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In  this  paper,  external  optical  injection  of  a  directly  modulated  Fabry-Perot  semiconductor  laser  is 
investigated  theoretically  and  experimentally.  The  external  optical  injection  approach  utilizes  the 
so-called  period-one  state,  which  can  be  obtained  in  isolated  regions  of  injected  optical  power/ 
carrier  frequency  space.  Here,  it  should  be  noted  that  the  period-one  state  enables  subcarrier 
frequency  generation  well  beyond  the  electrical  and  free-running  frequency  response  of  the  injected 
laser  [1 5]— [20].  Moreover,  the  external  optical  injection  scheme  eliminates  the  need  for  an  external 
modulator,  an  RF  amplifier,  or  an  electrical  oscillator,  which  would  otherwise  be  needed  for  the 
generation  of  the  mm-wave  optical  subcarrier. 

The  applicability  of  using  the  period-one  state  for  all-optical  amplitude-modulation  to  frequency- 
modulation  conversion  has  been  previously  demonstrated  whereby  the  externally  injected  light  is 
amplitude  modulated  resulting  in  the  modulation  of  the  period-one  frequency  [21].  Another  work  has 
investigated  approaches  to  using  the  period-one  state  for  mm-wave  generation  but  required  a 
double  locking  approach  whereby  the  modulated  laser  is  injected  into  the  period-one  state  and 
electronically  modulated  at  the  mm-wave  subcarrier  frequency  being  generated  to  improve  the 
stability  of  the  signal  [22],  Other  relevant  research  reported  on  the  high  degree  of  tunability  of 
the  mm-wave  signal,  from  roughly  the  relaxation-oscillation  frequency  of  the  slave  laser  to  7x  this 
value  [23].  In  addition  to  these  experimental  findings,  a  vast  amount  of  research  has  investigated 
numerical  techniques  for  determining  the  stability  properties  of  semiconductor  lasers  subject  to 
external  injection  [24]— [28]. 

This  paper  focuses  on  using  the  period-one  state  for  direct  generation  of  a  microwave  subcarrier 
signal  that  is  broadly  tunable  and  capable  of  gigabit-per-second  data  rates.  A  notable  benefit  of  the 
approach  employed  in  this  paper  is  that  microwave  signals  can  be  generated  at  frequencies  that 
exceed  the  electronic  capabilities  of  the  injected  laser,  due  to  parasitic  effects  of  the  device  and  its 
packaging,  by  a  factor  of  seven  or  more.  Here,  the  electronic  modulation  capability  of  the  directly 
modulated  laser  limits  the  maximum  achievable  data  rate,  as  the  microwave  subcarrier  signal  is 
generated  all  optically.  The  experimental  results  reported  in  this  paper  are  limited  to  the  microwave 
range  due  to  the  experimental  configuration;  however,  the  generation  of  mm-wave  subcarrier 
frequencies  well  beyond  30  GHz  are  possible.  Thus,  the  injected  optical  power  effect  on  the  device 
is  to  enhance  and  undamp  the  resonance  frequency  of  the  injected  slave  laser,  well  beyond  its  free- 
running  relaxation-oscillation  frequency. 

In  addition  to  demonstrating  the  direct  generation  and  modulation  concept  experimentally,  this 
paper  compares  these  experimental  findings  to  a  single-mode  rate  equation  model.  This  model, 
which  describes  the  operation  of  an  optically  injected  semiconductor  laser  under  current 
modulation,  is  solved  numerically  and  found  to  agree  with  the  experimental  results.  Moreover,  by 
including  noise  terms  in  the  driving  current  and  injected  optical  power,  the  impact  of  operating  noise 
can  be  investigated.  The  results  obtained  indicate  that  the  scheme  described  in  this  paper  appears 
to  be  a  good  candidate  for  the  direct  generation  of  mm-wave  subcarrier  signals  and  implementation 
in  ROF  architectures. 

2.  Millimeter-Wave  Generation  Under  Optical  Injection 

The  period-one  state,  used  as  the  mechanism  for  mm-wave  generation  in  this  paper,  describes  the 
condition  where  the  injected  slave  laser  is  locked  to  the  injected  master  laser’s  field  and  the  coupled 
system  oscillates  at  the  injected  frequency  (/)■„/)  with  sidebands  located  at  frequencies  of  finj  ±  fr, 
where  fr  is  the  enhanced  resonance  frequency  of  the  optically  injected  laser.  As  a  consequence,  the 
slave  laser’s  electric  field  oscillates  without  being  damped  toward  a  steady-state  value  [1 6],  [1 8]— [21  ]. 
This  undamped  steady-state  oscillation  is  illustrated  in  Fig.  1,  where  the  undamped  resonance 
frequency  of  30.2  GHz  is  observed.  Fig.  1  also  shows  the  electrical  power  spectra  of  the  period-one 
subcarrier  after  the  optical  signal  is  input  into  a  high-speed  photodetector. 

Previous  work  has  shown  that  the  operating  state  (i.e.,  stable  locking,  period  one,  period 
doubling,  or  chaos)  of  an  optically  injected  semiconductor  can  be  theoretically  investigated  via  a 
single-mode  rate  equation  model  [25]— [28].  A  basic  pictorial  description  of  the  optical  power  spectra 
of  the  respective  operational  states  (period  doubling,  period  one,  and  stable  injection  locking), 


Vol.  4,  No.  5,  October  2012  Page  1882 

3 

Approved  for  public  release;  distribution  unlimited. 


IEEE  Photonics  Journal 


Generation  and  Modulation  of  a  Subcarrier 


-45- 

-50- 

CO 

-o  -55- 


-65 

) 

-70- 
-75 -i 
-80 


28  30  32 

Frequency,  Hz 

(b) 


34x1 09 


Fig.  1.  (a)  Optical  power  spectra  and  (b)  electrical  power  spectra  of  the  mm-wave  subcarrier  signal. 


(a) 


(c) 


(e) 


Fig.  2.  (Top)  Optical  power  spectra  and  (bottom)  microwave  power  spectra  of  the  operational  states 
resulting  from  optical  injection,  (a)  and  (b)  Period-doubling  state  where  undamped  resonance  frequencies 
of  8.8-GHz  (period  doubling)  and  1 4.5-GHz  (period-one)  are  observed,  (c)  and  (d)  Period-one  state  where 
an  undamped  resonance  frequency  of  1 1 .8-GHz  is  observed,  (e)  and  (f)  Stable  injection  locking  where  the 
resonance  frequency  is  damped.  In  each,  the  injected  master  laser  power  was  held  constant  while  the 
detuning  frequency  was  varied.  For  each  case,  the  adjacent  longitudinal  modes  of  the  Fabry-Perot  cavity 
are  suppressed  by  more  than  35  dB. 


collected  during  this  investigation,  is  given  in  Fig.  2.  These  results  are  accompanied  by  their 
associated  electrical  power  spectra.  An  examination  of  Fig.  2  reveals  that  the  steady-state 
microwave  frequency  is  correlated  to  the  undamped  resonance  observed  in  the  optical  domain. 
When  comparing  the  undamped  resonances  in  the  optical  spectra  with  that  observed  in  the 
electrical  power  spectra  of  the  period-doubling  state,  as  given  in  Fig.  2(a)  and  (b),  the  undamped 
resonance  frequency  of  the  period-one  resonance  is  not  correlated  between  the  two  representative 
spectra  (14.5  GHz  versus  17.1  GHz);  this  is  attributed  to  instabilities  in  the  period-doubling  state 
and  the  varied  data  collection  sweep  times  of  the  optical  and  electrical  spectrum  analyzers.  In  the 
period-one  state  case  illustrated  in  Fig.  2(c)  and  (d),  the  longitudinal  modes  of  the  Fabry-Perot 
slave  laser  away  from  the  injected  mode  are  suppressed  more  than  35  dB  below  the  carrier, 
enabling  transmission  over  medium-  to  long-haul  communication  distances. 

3.  Modeling  mm-Wave  Generation  and  Modulation  Under  Optical  Injection 

Prior  to  experimental  validation  of  the  external  optical-injection-based  mm-wave  generation 
approach,  the  3-D  system  was  numerically  solved  to  determine  the  effect  direct  modulation  of  the 
slave  laser’s  pumping  current  has  on  the  combined  system’s  output.  To  validate  the  model,  the 
operational  behavior  of  the  optically  injected  laser  is  first  evaluated  using  the  single-mode  rate 
equation  model  by  solving  the  coupled  differential  equations  in  the  time  domain  and  qualitatively 
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evaluating  the  electric-field  solution  under  equilibrium  conditions,  yielding  bifurcation  diagrams  as 
described  in  references  [27]  and  [28].  The  mm-wave  generation  parameter  space,  identified  as  the 
region  where  period-one  operation  is  observed,  is  then  determined  as  a  function  of  the  injected-field 
ratio  and  detuning  frequency  between  the  master  and  slave  lasers  [23].  Given  a  known  period-one 
parameter  space  based  on  the  bifurcation  diagrams,  the  modulation  of  the  generated  mm-wave  is 
modeled  by  holding  the  simulated  injection  conditions  constant  within  this  region,  while  the 
operating  point  of  the  injected  slave  laser  (bias  current)  is  directly  modulated.  The  direct  modulation 
of  the  injected  slave  laser  allows  the  coupled  system  to  be  driven  into  and  out  of  the  period-one 
state,  resulting  in  the  modulation  of  the  mm-wave  signal.  The  large  signal  modulation  acts  to  push 
the  laser  below  threshold  operation  in  the  low  state,  while  the  ON-state  moves  the  laser  bias 
condition  above  threshold,  where  the  slave  laser  reaches  steady  state  under  period-one  operation 
due  to  the  presence  of  the  continuous  wave  injected  optical  power. 

To  simulate  the  long-time  response  of  the  optically  injected  system,  the  normalized  rate 
equations,  given  by  (1 )— (3),  are  solved,  while  the  slave  laser’s  electrical  pumping  term  P  is 
modulated 


=  YZ  +  nN  cos(0) 
or 

(i) 

_1)  +  aZ_wsin(0) 

c/r  Y 

(2) 

T^-  =  P-Z  -(1  +2  Z)Y2. 
dr 

(3) 

In  (1 )— (3),  Y  describes  the  amplitude  of  the  electric  field,  0  is  the  phase  difference  between  the 
electric  fields  of  the  master  and  slave  lasers,  and  Z  is  the  carrier  density  above  threshold  [29].  The 
time  r  is  normalized  to  the  photon  lifetime  (r  =  f/rp).  The  model  is  dependent  on  three  parameters 
derived  from  the  free-running  slave  laser:  7,  P,  and  a  [29].  7  =  (jchs),  where  jc  is  the  cavity 
decay  rate  and  7S  is  the  spontaneous  carrier  relaxation  rate.  7S  and  7C  are  independent  of  the  slave 
laser’s  output  power  or  the  injected  photon  density,  making  7  constant  regardless  of  the  bias 
current  applied  to  the  slave  laser.  P  is  proportional  to  the  pumping  current  above  threshold  and  is 
calculated  using  P  =  (1  /2)  (7^/7©)  c x  (J  -  Jm)/Jth,  where  Jth  is  the  threshold  current  density.  7 „  is 
the  free-running  differential  carrier  relaxation  rate  and  is  dependent  on  the  laser’s  bias  current. 
a  is  the  linewidth-enhancement  factor  of  the  injected  slave  laser,  tin  is  the  normalized  injection 
strength,  and  is  the  detuning  parameter  normalized  to  the  cavity  decay  rate  given  =  Af/^c.  The 
free-running  relaxation-oscillation  frequency  (<lfr)  and  damping  rate  (7 *•),  normalized  to  the  cavity 
decay  rate,  are  given  in  (4)  and  (5).  The  unnormalized  free-running  relation  oscillation  frequency  (<lfr) 
and  damping  rate  (jfr)  are  related  to  7n,  7C>  7 s  given  the  simplified  relationship  where  the  impact  of  the 
nonlinear  carrier  relation  rate  is  ignored:  f V  =  7„7C  and  7 fr  =  7n  +  7S 


Q,fr  = 
Ifr  = 


2 P 

Vr 

(1  +2P) 
27 


(4) 

(5) 


By  experimentally  characterizing  the  free-running  operation  of  the  slave  laser  using  either  the 
modulation  bandwidth  response  (S21 )  or  the  ringing  observed  in  the  transient  temporal  response  of 
the  device  when  subjected  to  pulsed  modulation,  the  parameters  P  and  7  can  be  determined  via  (4) 
and  (5).  In  this  paper,  the  linewidth-enhancement  factor  of  the  slave  laser  was  measured  using  the 
injection-locking  approach  described  in  [30], 

The  simulated  temporal  response  of  the  slave-laser-modulated  system  is  given  in  Fig.  3,  where 
the  injected  field  ratio  (r?w)  and  detuning  frequency  (Q.)  are  held  constant,  while  the  pumping  term  P 
is  modulated  using  a  pseudorandom  bit  sequence  (PRBS).  Specifically,  the  PRBS  used  in  the 
numerical  simulations  and  experimental  data  collection  was  a  PRBS-7  pattern  (27  -  1  bits, 
containing  all  possible  7-bit-long  combinations  of  1  s  and  0  s).  To  improve  the  agreement  between 
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Fig.  3.  (a)  Simulated  time  response  given  a  pseudo  random  bit  sequence  modulating  the  slave  laser’s 
driving  current,  (b)  Similar  results  but  with  better  temporal  resolution  to  illustrate  the  mm-wave 
oscillations  where  the  injected  slave  laser  is  modulated  into  and  out  of  period-one  operation.  The 
modulating  PRBS  signal  is  shown  below  each  mm-wave  signal,  where  the  bit  rate  is  667  Mbps. 


our  simulations  and  experiments,  this  modulating  signal  is  passed  through  a  low-pass  filter  to  yield 
a  signal  comparable  with  the  signal  generator  used  in  the  experimental  setup.  Although  not  fully 
rigorous,  a  noise  term  (with  a  standard  deviation  set  at  5%  of  the  pumping  term)  has  been  added  to 
the  pumping  term  to  more  closely  mirror  the  real-world  implementation  of  the  system,  as  well  as  to 
indicate  the  system’s  robustness  against  small  perturbations.  The  simulation  is  achieved  by  solving 
(1)-(3)  and  unnormalizing  the  time  constant  of  the  result  in  order  to  enable  comparison  with 
experimental  data  sets.  To  remove  the  baseband  component  from  the  resultant  electric-field 
solution,  a  simulated  high-pass  filter  is  utilized.  In  Fig.  3,  t]n  =  0.086  and  f2  =  0.0,  resulting  in  a 
period-one  frequency  of  12.5  GHz.  The  values  for  7",  P,  and  a  were  representative  of  the  slave 
laser  used  in  validating  the  numerical  model  and  are  summarized  in  Table  1. 

While  12.5  GHz  is  not  the  ideal  subcarrier  frequency  for  such  applications  as  ROF,  this  value  was 
the  numerical  simulation  goal  given  the  experimental  results.  The  experimental  configuration, 
described  in  detail  in  Section  4,  is  comprised  primarily  of  SubMiniature  version  A  (SMA)  components 
(attenuators,  splitters,  etc.),  which  limit  the  operational  frequency  range  to  1 8  GHz.  The  importance  of 
the  numerical  simulation  results  presented  here  is  the  ability  to  model  the  optically  injected  system 
while  the  slave  laser  is  under  direct  modulation.  The  modulation  rate  of  the  microwave  subcarrier  is 
limited  by  the  time  necessary  for  the  undamped  relaxation  oscillations  of  the  coupled  system  to  reach 
steady  state.  This  time  transient  is  exemplified  in  Fig.  3(b),  whereby  the  period-one  oscillation 
frequency  is  lower  at  the  turn-on/off  transient.  Additional  limitations  owe  to  the  conventional  case  of 
achieving  a  suitable  number  of  microwave  oscillation  periods  per  each  bit  cycle.  Experimentally,  the 
electrical  modulation  parasitics  of  the  semiconductor  laser  mount/packaging  limited  modulation  rates 
to  roughly  1  Gbps. 
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TABLE  1 

Experimentally  measured  slave  parameters  at  a  bias  current  of  16  mA 


Parameter 

Value 

a  (linewidth  enhancement  factor) 

3 

yc  (cavity  decay  rate) 

333  GHz 

ys  (spontaneous  carrier  relaxation  rate) 

11.7  GHz 

yn  (differential  carrier  relaxation  rate) 

8.66  GHz 

L  (cavity  length) 

300  pm 

P  (normalized  pumping  term) 

0.74 

T  (carrier  to  photon  decay  rate  ratio) 

28.5 

Fig.  4.  (a)  FFT  of  the  mm-wave  generated  under  optical  injection  with  random-noise  deviation  5%  of  P 
(blue),  and  without  random  noise  (green),  (b)  Analogous  spectra  with  the  random  noise  having  a  10% 
deviation. 


The  impact  of  the  random  noise  applied  to  the  simulated  pumping  term  results  in  a  slight 
noticeable  shift  in  the  amplitude  of  the  mm-wave  oscillations  in  Fig.  3.  This  impact  is  further 
highlighted  in  the  Fourier  transform  of  the  signal  (see  Fig.  4)  where  the  Fourier  transform  of  the 
nonmodulated  mm-wave  signal  with  noise  is  compared  with  the  Fourier  transform  of  the  signal 
without  noise  applied.  The  spectral  purity  of  the  signal  degrades  as  the  magnitude  of  the  random 
noise  is  increased,  qualitatively  visualized  by  a  decrease  in  the  maximum  power  and  additional 
frequency  components  in  the  noise  containing  spectra  as  shown  in  Fig.  4.  The  decrease  in  noise 
suppression,  measured  as  the  relative  power  difference  between  the  peak  spectral  component  to 
the  next  oscillatory  peak  (noise),  is  depicted  in  Fig.  6.  Given  the  time-scale  difference  between  the 
photon  lifetime  and  noise  fluctuations,  the  noise  serves  as  a  small-signal  modulation  as  it 
approaches  10%  of  the  pumping  level,  resulting  in  multiple  period-one  operating  points.  Beyond  a 
random-noise  strength  of  10%  (of  the  pump),  the  frequency  content  of  the  signal  became  highly 
diverse  resulting  in  a  broadened  spectrum  with  no  primary  harmonic  observed. 

Given  that  the  pumping  current  is  highly  stable  in  the  laboratory  environment,  noise  is  more 
appropriately  incorporated  in  the  numerical  model  via  the  injection  strength  term  r]N.  The  injection 
strength  component  will  contain  noise  components  due  to  fluctuations  in  the  coupling  mechanism 
between  the  master  and  slave,  and  any  time-varying  polarization  changes  in  the  injected  master 
laser  light  (due  to,  among  other  things,  the  use  of  nonpolarization-maintaining  fibers).  For  the  case 
where  random  noise  is  added  to  the  injection  strength  parameter,  numerical  simulations  show  a 
higher  degree  of  stability  in  the  mm-wave  subcarrier  in  comparison  with  normalized  noise  levels 
added  to  the  pumping  term.  Qualitatively,  this  result  was  not  expected  due  to  the  strong  correlation 
between  the  injection  strength  to  the  resonance  frequency  and  overall  damping  rate  of  the  coupled 
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(a) 


Frequency,  GHz 
(b) 


Fig.  5.  (a)  On-off  keyed  period-one  mm-wave  subcarrier  in  the  presence  of  random  noise  applied  to  the 
injection  strength  term.  The  noise  has  a  standard  deviation  of  10%  the  injection  term,  (b)  FFT  of  the 
modulated  mm-wave  generated  under  optical  injection  with  random  noise  having  a  10%  magnitude 
(blue),  and  without  random  noise  (green). 


%  Magnitude  of  Random  Noise 

Fig.  6.  Relationship  between  the  power  difference  between  the  peak  of  the  electrical  power  spectra  and 
next  strongest  oscillatory  peak.  Blue  dotted  line:  random  noise  applied  to  the  pumping  term.  Red  solid 
line:  random  noise  applied  to  the  injection  strength  term. 

system  [19].  With  the  random  noise  removed  from  the  pumping  term  of  the  slave  laser,  random 
noise  having  a  magnitude  of  10%  the  injection  strength  is  simulated  in  Fig.  5  where  the  slave  laser’s 
pumping  term  is  modulated  using  a  square-wave  pattern  with  a  50%  duty  cycle.  Here,  the 
magnitude  and  frequency  of  the  mm-wave  subcarrier  is  observed  to  vary.  The  small  degree  of 
change  observed  in  the  mm-wave  subcarrier  shows  a  relative  tolerance  to  random  variations  of  the 
level  investigated.  The  Fourier  transform  of  the  square-wave  modulated  signal  with  noise  applied  to 
the  injection  strength  term  is  given  in  Fig.  5,  whereby  an  increased  degree  of  noise  is  observed.  The 
primary  spectral  component  power  compared  with  the  next  strongest  spectral  component  as  a 
function  of  random-noise  strength  is  given  in  Fig.  6. 

4.  Experimental  Generation  and  Modulation  of  the  mm-Wave  Signal 

The  experimental  investigation  of  the  on-off  keyed  mm-wave  signal  was  accomplished  using  a 
fiber-pigtailed  quantum-well  Fabry-Perot  laser  diode  in  a  5.6-mm  Transmitter-the-Outline-can 
(TO-Can)  package  as  the  slave  laser.  The  threshold  current  of  the  device  was  11.4  mA,  and  the 
operating  current  was  16  mA,  where  the  output  power  coupled  into  the  fiber  was  0.45  mW  and 
the  peak  Fabry-Perot  mode  was  at  1547  nm.  The  master  laser  was  an  external  cavity  tunable 
laser,  and  its  wavelength  was  adjusted  around  the  peak  Fabry-Perot  mode.  The  injected  laser 
power,  measured  at  Port  2  of  the  optical  circulator  (see  Fig.  7),  was  held  constant  throughout  this 
paper.  The  modulating  signal,  applied  to  a  bias  tee  in  the  diode  laser  mount,  was  in  the  form  of 
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Fig.  7.  Experimental  setup  used  to  validate  the  prediction  of  the  single  mode  rate  equations  numerical 
simulations. 


a  1-V  P-P  signal.  A  description  of  the  experimental  setup  is  given  in  Fig.  7.  The  period-one  waveforms 
collected  were  unique  in  nature;  they  were  not  limited  by  the  50-GHz  bandwidth  oscilloscope  (Agilent 
861 00C)  nor  our  25-GHz  photodiode  (NewFocus  1414)  used  in  the  experimental  setup.  Data 
collection  was  also  supported  by  an  optical  spectrum  analyzer  with  10-pm  resolution  (Yokogawa 
AQ6317B)  and  an  electrical  spectrum  analyzer  with  a  3-Hz-50-GHz  frequency  range  of  operation 
(Agilent  E4448A  PSA).  To  produce  the  PRBS,  the  slave  laser  was  modulated  using  a  BERT 
(SyntheSys  Research  BSA7500A). 

The  characterization  of  the  injected  slave  laser  was  accomplished  by  least-square  fitting  the 
ringing  observed  in  the  time  response  of  the  device  under  free-running  operation  when  subjected  to 
modulation  using  a  50%-duty-cycle  square  wave.  This  step  was  taken,  as  opposed  to  fitting  the 
modulation  bandwidth  response  (S21)  of  the  device,  due  to  the  relaxation-oscillation  frequency  of 
the  device  being  higher  than  the  electrical  bandwidth  of  the  laser  diode  mount  and  packaging.  The 
free-running  temporal  response  was  fit  using  the  generic  in  (6)  and  (7)  describing  the  damped 
cosine  nature  of  the  ringing  observed  in  the  transient  temporal  photon  density  response  to  current 
modulation  [31].  In  (6),  Pout  is  the  measured  output  power  of  the  laser,  7  is  the  damping  rate,  and 
Q,osc  is  the  oscillation  frequency  defined  in  (7) 


dP out(  t )  —  dP out(  OO) 

- ^osc  =  “ ” fr  \/ 1  ~  ('"// ■ 


1  -  e  7f/2cos(^osc  t)  --^—e  7f/2sin(fioscO 

*osc 


(6) 

(7) 


The  spontaneous  carrier  lifetime  was  then  determined  from  these  data  using  the  approach 
described  in  [32],  The  photon  decay  rate  was  assumed  to  be  333.3  GHz  based  on  the  facet 
reflectivities,  internal  loss,  and  group  index.  The  linewidth-enhancement  factor  of  the  device  was 
measured  to  be  3  using  the  injection-locking  approach  given  in  [30].  The  characterization  of  the 
slave  laser  is  summarized  in  Table  1. 

Experimental  results  validating  the  theoretical  simulation  in  Figs.  3  and  4  are  given  in  Fig.  8, 
where  the  system  exhibited  a  mm-wave  subcarrier  frequency  of  9.5  GHz  under  optical  injection. 
The  figure  also  shows  the  damped  response  of  the  slave  laser  in  response  to  the  modulation  signal 
in  the  absence  of  optical  injection.  In  all  cases,  a  high-pass  filter  with  a  pass-band  cutoff  frequency 
of  6.3  GHz  was  placed  at  the  oscilloscope  input.  In  the  figure,  the  PRBS  modulation  signal  had  a  bit 
rate  of  660  Mbps.  To  determine  the  mm-wave  signal  frequency,  the  pulse  was  fit  with  a  sinusoid. 
The  resultant  electrical  signal  showed  that  the  modulated  period-one  state  can  be  used  for 
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Fig.  8.  Time  and  frequency  response  of  the  on-off  keyed  period-one  state.  In  all  figures  the  injected 
slave  laser  was  modulated  by  a  660-Mbps  square  wave,  (a)  Signal  under  optical  injection,  (b)  With  the 
optical  injection  removed  the  slave  laser  experiences  relaxation  oscillations,  (c)  Close  up  of  the  mm- 
wave  signal  from  (a),  (d)  Frequency  response  of  the  modulated  period-one  signal. 


(a) 


Fig.  9.  (a)  and  (c)  Stable  on-off  keyed  mm-wave  subcarrier  modulated  at  860  Mbps  in  the  time  (a)  and 
frequency  domain  (c).  (b)  and  (d)  Unstable  on-off  keyed  signal  with  a  490  Mbps  modulation  rate  in  the 
time  (b)  and  frequency  domain  (d).  The  same  bit  sequence  was  used  for  both  data  rates. 


transmission  of  both  the  up-converted  and  baseband  signals  given  either  a  high-pass  or  low-pass 
filter  at  the  output  of  the  photodector.  The  instability  observed  in  the  period-one  amplitude  and 
phase  is  attributed  to  time-varying  polarization  changes  in  the  injecting  master  laser  light  and/or 
attributed  to  fluctuations  in  the  coupling  between  the  master  and  slave  lasers. 

The  modulation  rate  of  the  injected  slave  laser  resulted  in  varying  degrees  of  stability  regardless  of 
the  period-one  frequency  generated  under  optical  injection,  as  shown  in  Fig.  9.  For  each  case  in 
Fig.  9,  the  injection  conditions  were  held  constant,  whereas  the  modulation  rate  was  changed  as 
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indicated.  The  initial  conclusion,  based  on  findings  reported  in  reference  [22],  indicated  an  interaction 
higher  order  harmonics  of  the  modulating  signal  reinforced  the  steady-state  period-one  oscillations. 
However,  the  experimental  results  discounted  this  relationship,  leading  to  the  understanding  that 
stability  is  driven  by  the  electrical  parasitics  of  the  laser  mount  and  packaging. 

5.  Conclusion 

This  paper  demonstrates  the  suitability  of  using  the  period-one  state  of  an  optically  injected 
semiconductor  laser  as  a  mm-wave  subcarrier  source  capable  of  carrying  Gbps  data  rates.  The 
period-one  state  produces  a  high-frequency  microwave  subcarrier  that  is  easily  adjustable  while 
only  requiring  two  dc  biased  semiconductor  lasers.  The  modulation  of  the  signal  is  achieve  by 
bringing  the  slave  laser  into  and  out  of  the  above-threshold  lasing  condition,  all  while  under  the 
presence  of  continuous  wave  injection  from  a  master  laser  resulting  in  period-one  operation.  Given 
that  conventional  ROF  approaches  require  an  electrical  modulation  signal  at  the  desired  microwave 
subcarrier  frequency  and  high-frequency  electrical  components,  the  optical  injection  approach 
represents  a  considerable  simplification.  Moreover,  the  normalized  single-mode  rate  equation 
model  is  shown  to  effectively  predict  the  time-domain  behavior  of  the  slave-laser-modulated 
system,  along  with  the  impact  of  noise  on  the  coupled  systems’  stability. 
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